Molecular mechanisms of HIV-1 persistence in the monocyte-macrophage lineage. by Le Douce, Valentin et al.
Molecular mechanisms of HIV-1 persistence in the
monocyte-macrophage lineage.
Valentin Le Douce, Georges Herbein, Olivier Rohr, Christian Schwartz
To cite this version:
Valentin Le Douce, Georges Herbein, Olivier Rohr, Christian Schwartz. Molecular mechanisms
of HIV-1 persistence in the monocyte-macrophage lineage.. Retrovirology, BioMed Central,
2010, 7 (1), pp.32. <10.1186/1742-4690-7-32>. <inserm-00663900>
HAL Id: inserm-00663900
http://www.hal.inserm.fr/inserm-00663900
Submitted on 27 Jan 2012
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
Le Douce et al. Retrovirology 2010, 7:32
http://www.retrovirology.com/content/7/1/32
Open AccessR E V I E WReviewMolecular mechanisms of HIV-1 persistence in the 
monocyte-macrophage lineage
Valentin Le Douce1, Georges Herbein3, Olivier Rohr*1,2 and Christian Schwartz1,2
Abstract
The introduction of the highly active antiretroviral therapy (HAART) has greatly improved survival. However, these 
treatments fail to definitively cure the patients and unveil the presence of quiescent HIV-1 reservoirs like cells from 
monocyte-macrophage lineage. A purge, or at least a significant reduction of these long lived HIV-1 reservoirs will be 
needed to raise the hope of the viral eradication. This review focuses on the molecular mechanisms responsible for 
viral persistence in cells of the monocyte-macrophage lineage. Controversy on latency and/or cryptic chronic 
replication will be specifically evoked. In addition, since HIV-1 infected monocyte-macrophage cells appear to be more 
resistant to apoptosis, this obstacle to the viral eradication will be discussed. Understanding the intimate mechanisms 
of HIV-1 persistence is a prerequisite to devise new and original therapies aiming to achieve viral eradication.
Introduction
Human immunodeficiency 1 (HIV-1), identified in 1983
[1], remains a global health threat responsible for a
world-wide pandemic. Several advances have been made
in curing acquired immune deficiency syndrome (AIDS)
since the introduction of the highly active antiretroviral
therapy (HAART) in 1996. AIDS pandemic has stabilized
on a global scale in 2008 with an estimated 33 million
people infected worldwide (data from UN, 2008). Even if
an effective AIDS vaccine is still lacking, the introduction
of HAART greatly extended survival. This therapy can
reduce plasma virus levels below detection limits (≤ 50
copies/ml). It induces a biphasic decline of HIV-1 RNA
with a rapid decline of infected CD4+ T cells (half life 0.5
day) followed by a decline originating from infected tissue
macrophages (half life 2 weeks) [2]. However, with very
sensitive methods [3,4], a residual viremia is still detected
in patients on HAART. Moreover, HIV RNA returns to a
measurable plasma level in less than two weeks when
HAART is interrupted [5,6]. These observations suggest
that even long term suppression of HIV-1 replication by
HAART cannot totally eliminate HIV-1, the virus persists
in cellular reservoirs because of viral latency, cryptic
ongoing replication or poor drug penetration [7-9]. In
fact, the persistence of infection is not so surprising since,
from an evolutionary point of view, this is the best form
of adaptation of viruses to the host environment. There
are essentially two theories of persistent infection: latency
and ongoing replication. Latency is best described as a
lack of proviral gene expression. On the other hand,
ongoing replication requires continuous viral expression
without cytopathic effects. It is important to distinguish
between the two possibilities since they call for very dif-
ferent therapeutic interventions. The theory of ongoing
replication suggests that drug resistance to treatment
may develop. In this case treatment intensification and
the design of new anti HIV-1 molecules are needed in the
long term. On the other hand, if viruses are released by
burst from stable reservoirs, multi drug resistance does
not develop, however HAART alone is ineffective. In this
case new strategies are needed to purge the reservoirs,
which in combination with HAART should be able to
eradicate the virus in infected patients.
Resting memory CD4+ T cells are the major cellular
and the best characterized reservoir in the natural host
[7,10-13]. The presence of latent proviral HIV-1 DNA in
this cell population has been undoubtedly proven [10].
But there are other reservoirs. Genetic studies showed
that during rebound viremia (when HAART was inter-
rupted) the virus could be detected from another reser-
voir than the CD4+ T cells [14-16]. It has been proposed
that peripheral blood monocytes, dendritic cells and
macrophages in the lymph nodes and haematopoitic stem
cells in the bone marrow can be infected latently and
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Page 2 of 16therefore contribute to the viral persistence [17-22]. It is
still debated whether or not viral persistence in these lat-
ter reservoirs is due to true latency or to low level ongo-
ing replication [23,24].
In this review, we focus on the molecular mechanisms
responsible for viral persistence in cells of the monocyte-
macrophage lineage since they are believed to be an
important source of HIV-1 [14,19]. Several features make
cells from this lineage a potential HIV-1 reservoir. Con-
trary to CD4+ T cells, HIV-1 infection is generally not
lytic for these cells [25,26]. The particles produced in
macrophages are budding into intracytoplasmic com-
partments which may represent favored sites for HIV-1
assembly. [27,28] (see also the accompanying review from
Benaroch et al). Mechanisms underlying HIV-1 budding
that involved Gag and the ESCRT pathway, were recently
reviewed [29]. Cells from monocyte-macrophage are also
more resistant to cytopathic effects and they are able to
harbor viruses for a longer period. It may arrive that
infected tissue macrophages, such as microglial cells in
the brain, produce viruses during their total lifespan [30].
Finally, a major obstacle for the eradication of the virus is
that HIV-1 makes infected monocyte-macrophage cells
more resistant to apoptosis. Understanding the intimate
mechanisms underlying HIV-1 persistence in the mono-
cyte-macrophage lineage will be needed to devise new
and original therapies to achieve viral eradication.
Evidence for the constitution of an HIV-1 reservoir 
by cells from the monocyte-macrophage lineage
Cells of myeloid lineage including monocytes, mac-
rophages and dendritic cells (figure 1) play an important
role in the initial infection and therefore contribute to its
pathogenesis throughout the course of infection. This is
mainly because these cells are critical immune cells
responsible for a wide range of both innate and adaptative
immune functions.
Infected monocytes have been recovered from the
blood of HIV-1 infected patients, even from those on
HAART and with a viral load below detectable limits
[19,31]. Early studies have shown that monocytes harbor
latent HIV-1 proviral DNA [32]. Interestingly, a minor
monocyte subset, the CD16+ is more permissive to the
infection than the more abundant CD14++CD16- mono-
cyte subsets [33]. Although HIV-1 proviral DNA is only
in less than 1% of circulating monocytes (between 0.01 to
1%), these cells are important viral reservoirs and are
responsible for the dissemination of HIV-1 into sanctuar-
ies such as the brain [19,23,31,34,35]. Infected circulating
monocytes are also recruited to the gastrointestinal tract.
They later differentiate into macrophages and form the
HIV-1 reservoir of the intestine [36,37]. Some authors
suggest that these cells are not true latent cells, since
monocytes remain in circulation for only up to 3 days and
replication-competent viruses may be recovered from the
blood of patients. They rather suggest that a recent ongo-
ing infection of these cells or their precursors takes place
[38]. In favor of this suggestion is the viral evolution
within this compartment [19].
Dendritic cells are also involved in the dissemination of
HIV-1 following primary infection [39]. After capturing
viruses at the site of infection, mature dendritic cells
migrate into lymph nodes where they participate in the
transmission of HIV-1 to CD4+ T cells [40]. Mature
myeloid dendritic cells located in lymph nodes can sus-
tain a very low level virus replication and therefore have a
potential role in HIV-1 latency and/or ongoing replica-
tion. The mechanism of this viral persistence is not yet
known [41-43].
Macrophages harboring the CD4 receptor and CCR5
coreceptor are now recognized as early cellular targets for
HIV-1 [44]. These cells are able to produce and harbor
the virus for a longer period. This is partly due to the
higher resistance of these cells to cytopathic effects. It is
less clear whether macrophages have a role in HIV-1
latency [22,45] or not. In patients on HAART very few
lymph node macrophages are infected (about 0,005%).
However, the finding of in vivo reactivation of these
infected macrophages in response to opportunistic infec-
tions is in favor of macrophages as HIV-1 reservoirs
[46,47]. Finally, resident macrophages of the central ner-
vous system (CNS) deserve attention since they are
involved in the pathogenesis of HIV-1-associated demen-
tia [48,49]. Four types of macrophages were described in
the CNS, the meningeal macrophages, the macrophages
of the choroid-plexus, the perivascular macrophages and
the microglial cells [48]. Among these four types, the
perivascular macrophages and the microglial cells are the
main targets for HIV-1 in the CNS [49]. These cells have a
low turnover, 2-3 months for the perivascular mac-
rophages and several years for the microglial cells. These
features make these cells potential reservoirs for HIV-1
[30,50].
Haematopoïtic cells (HPC) have also been proposed to
serve as a viral reservoir, since a subpopulation of CD34+
HPCs express CD4 and CCR5 and/or CXCR4 and these
cells are susceptible to HIV-1 infection [51-54]. Further-
more, HIV-1-infected CD34+ HPCs have been detected
in some patients [55,56]. Interestingly, the CD34+ CD4+
HPC subset has an impaired development and growth
when HIV-1 is present. This HPC will then generate a sub
population of monocytes permissive to HIV-1 infection
with a low level of CD14 receptor and an increase of
CD16 receptor (CD14+ CD16++). This population of
monocyte may differentiate in dendritic cells in tissues
such as lymph nodes [57-59]. It is not yet well understood
whether the abnormalities leading to the generation of
this permissive cell population are due to a direct or an
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needed, since these HPCs generate an infected cell lin-
eage that may spread HIV-1 to sanctuaries.
Mechanisms of HIV-1 latency in the monocyte-
macrophage lineage
Following fusion-mediated entry into the host cell, the
virus is uncoated, the virus genome is reverse transcribed
and the pre-integration complex enters the nucleus where
the proviral DNA is integrated into the host cell genome.
In productive cells, the transcription of the provirus DNA
is regulated by the interplay of a combination of viral and
cellular transcription factors [60-63]. However, cells that
lack or have a low level of HIV-1 expression are also pres-
ent and contribute to viral persistence. It is still contro-
versial whether or not true latency occurs in infected cells
Figure 1 monocyte-macrophage lineage. All cells from the monocyte-macrophage lineage appear to derive from a same progenitor multipotent 
cell, the hematopoietic stem cell (HSC). The HSC, located in the bone marrow, may differentiate either into a myeloid or a lymphoid precursor, setting 
up the divergence between the myeloid (blue) and plasmacytoid (green) lineage. The myeloid precursor is then able to migrate into the blood stream 
and to differentiate into a monocyte. Monocytes migration to specific tissues and their differentiation occur upon a stimulation of a different cytokines, 
interleukins and/or other factors cocktail. Depending to the location, the monocytes become either interstitial dendritic cells, macrophages or micro-
glial cells. Lymphoid precursor runs parallel with the myeloid one, but can directly differentiate into another type of dendritic cell, the plasmacytoid 
dendritic cell.
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but also to avoid confusion, the word latency will be used
in the following sections, not stricto sensu as previously
defined, but in a larger sense which includes true latency
and low ongoing replication. Contrary to the CD4+ T
cells, in which the mechanisms of the establishment and
the maintenance of true latency have been well described
[64], our knowledge of the molecular mechanisms under-
lying latency in the monocyte-macrophage lineage is
poor. Like in CD4+ T cells, two types of latency occur in
cells from the monocyte-macrophage lineage.
Pre-integration latency
Pre-integration latency is frequently observed in CD4+ T
cells. This form of latency has a very limited contribution
to viral persistence since the half lives of the cells is very
short (1 day). On the contrary, this form of latency in the
monocyte-macrophage lineage may contribute to the for-
mation of reservoirs to a larger extent and may partici-
pate in viral dissemination. This form of latency is
characterized by a poor reverse transcriptase activity and
therefore it is unable to synthesize the provirus DNA.
Various mechanisms are involved in this form of latency,
such as hypermutation of the DNA induced by the
restriction factor APOBEC3, a low level of dNTP pool
and an impaired nuclear importation of the pre-integra-
tion complex associated to a low level of ATP pool [65-
68]. Several reports pointed out that macrophages can
harbor large quantities of unintegrated viral DNA in a
circular form [69,70]. Moreover, these unintegrated DNA
remain stable for up to two months in non dividing mac-
rophages [69]. Interestingly, the accessory viral protein
Vpr is important for viral replication in the monocyte-
macrophage lineage, but not for non dividing CD4+ T-
cells [71]. Indeed, deletion of Vpr decreases transcription
from unintegrated HIV-1 DNA up to 10 times [72]. A
recent report suggests that infected human macrophages
can support persistent transcription from this uninte-
grated DNA [73]. These circular forms of episomal DNA
may therefore account for persistence and expression in
non dividing cells such as macrophages [74].
Post-Integration latency
Post-integration latency occurs once the viral genome has
been reverse transcribed and has been stably integrated
into the host genome. At that moment, the level of tran-
scription is very low with a no or a low level of virus repli-
cation. Mechanisms generating HIV latency in the CD4+
T cells are well described [75,76]. Viral genome integra-
tion into repressive heterochromatin may account for the
establishment of latency in some cases [77]. Transcrip-
tional interference may be responsible for the establish-
ment of HIV-1 latency [78,79] when viral genome
integrates into active euchromatin regions. Several mech-
anisms acting at a transcriptional and post transcriptional
level that maintain the post-integration latency in CD4+
T cells have been described, but it is unknown whether
these are also effective in cells of the monocyte-mac-
rophage lineage. However, several mechanisms generat-
ing HIV-1 post-integration latency have been described
in the monocyte-macrophage, including the lack of, or
dysfunctional Tat, the lack of host transcriptional activa-
tors, presence of host transcriptional repressors, influ-
ence of chromatin environment and host antiviral
processes such as the one based on microRNA (miRNA).
Mechanisms involving Tat transactivation
It has been proposed that restriction of the integrated
HIV-1 genome transcription is due to the lack of Tat
transactivation. The recruitment of the positive tran-
scription elongation factor (pTEFb), which is composed
of two proteins, cyclin T1 (CycT1) and cyclin dependant
kinase 9 (Cdk9) [80-82] makes this transactivation effec-
tive. A lack of transactivation could be due to a low level
of Cyclin T1 expression since its expression is limiting for
p-TEFb function. Indeed, CycT1 is undetectable in undif-
ferentiated monocytes but activated in monocytes-differ-
entiated macrophages [83]. However, CycT1 is not the
only limiting factor involved in the transcriptional inhibi-
tion of HIV-1. The phosphorylation status of CDK9 is
also important as it increases during the differentiation
process of monocytes into macrophages [84].
Mechanisms involving host transcriptional factors
The lack of host transcriptional activators or the presence
of host transcriptional repressors may also explain
latency in these cells. It has been reported that distal LTR
binding sites upstream of the NF-KB binding site are
essential for the efficient transcription in monocytes and
macrophages. In addition to NF-KB and Sp1 binding,
NF-IL6 and/or USF protein binding to the LTR modula-
tory region are essential for HIV-1 transcription [85-87].
In contrast, in microglial cells the core region and the
NF-KB sites are sufficient for transcription [63]. Particu-
larly, Sp1 protein plays an essential role by anchoring
directly or indirectly several cellular transcription factors
to the promoter, such as NF-IL6, CREB and COUP-TF
[88].
The inhibiting form of C/EBPβ/NF-IL6 (LIP), a 16 kDa
inhibitory isoform that is structuraly close to C/EBPγ, is
expressed in macrophages during differentiation. LIP
expression is linked to the suppression of HIV-1 replica-
tion [89]. Although C/EBPβ/NF-IL6 acts as an activator
of HIV-1 transcription, LIP and/or C/EBPγ act as a domi-
nant-negative inhibitor of NF-IL6 mediated transactiva-
tion [88]. Interestingly, this latter mechanism has been
proposed to explain the establishment of transcriptional
HIV latency in microglial cells of a macaque model, pro-
viding the first mechanism of HIV latency in the brain
[90]. The TRAF signaling pathway can activate NF-IL6
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vation of latently infected macrophages [91].
The zinc-finger protein OKT18, which is produced
during HIV-1 infection of macrophages, suppresses HIV-
1 transcription through the viral LTR [92,93]. This pro-
tein exerts its role through the suppression of Tat-medi-
ated HIV-1 LTR activity [94] and through two DNA
binding domains which have been recently identified in
the LTR: The negative-regulatory element (NRE) and the
Ets binding site [93]. It appears that this regulation is cell
type specific since it has been reported that OKT18
expression is only detected in brain perivascular mac-
rophages but not in microglial cells [95]. This absence of
OKT18 expression in human microglial cells is due to the
down regulation of YY1 and upregulation of FoxD3 fol-
lowing HIV-1 infection, which leads to a repression of the
OKT18 promoter activity [96]. These results point to
zinc-finger proteins as important modulators of HIV-1
transcription and make them attractive for devising new
drugs to control AIDS [97,98]
HIV-1 transcription is also modulated by proteins of
the Sp1 family which differ in the nature of the Sp protein
bound to the LTR and of the cell type. Indeed, Sp1 and
Sp3 are both expressed in microglial cells, unlike CD4+
T-cells, which express only Sp1. In microglial cells,
although Sp1 acts as an activator of HIV-1 transcription,
the Sp3 protein represses the HIV-1 promoter activity
[99]. Some factors, like IL-6, or hydroxyurea could syner-
gistically reactivate HIV-1 replication in latently
promonocytic cells by increasing the ratio of Sp1/Sp3
[100]. Serpin B2, a serine protease inhibitor induced in
activated monocytes and macrophages during inflamma-
tion is also able to increase the Sp1/Sp3 ratio by inhibit-
ing Rb-degradation, and thus may reactivate latently
infected cells [101].
Importance of the chromatin environment
It is now well established that viral promoter activity
depends on the chromatin environment [102].
Nucleosomes are precisely positioned at the HIV-1 pro-
moter [103,104]. Nuc-1, a nucleosome located immedi-
ately downstream the transcription initiation site,
impedes LTR activity. Epigenetic modifications and dis-
ruption of Nuc-1 are a prerequisite to activation of LTR-
driven transcription and viral expression [102]. Tran-
scriptional repressors, like Myc bind the HIV-1 promoter
and recruit histone deacetylases (HDAC) together with
Sp1 and induce thereby proviral latency [105]. Recently it
was shown that recruitment of deacetylases and methy-
lases on the LTR was associated with epigenetic modifi-
cations (deacetylation of H3K9 followed by H3K9
trimethylation and recruitment of HP1 proteins) in CD4+
T lymphocytes [106]. Some studies suggest that the cellu-
lar signaling pathway which involves the receptor
tyrosine kinase RON could trigger the establishment and
maintenance of HIV-1 latency in monocytic cell lines. A
correlation was found between RON expression and inhi-
bition of HIV-1 transcription. Transcription was affected
at different levels, i.e. chromatin organization, initiation
and elongation [107-109]. The retinoid signaling pathway
may also be involved in the inhibition of HIV-1 reactiva-
tion. The retinoid pathway inhibits both Nuc-1 remodel-
ing and transcription [110].
The transcription factor COUP-TF interacting protein
2 (CTIP2) has been reported [111] to play an essential
role in promoting viral latency in microglial cells. This
factor is a recently cloned transcriptional repressor that
can associate with members of the COUP-TF family
[112]. This factor is expressed in the brain and in the
immune system [113]. We have previously shown that
CTIP2 inhibits replication in human microglial cells
[114,115]. Recently, we have shown that CTIP2 inhibits
HIV-1 gene transcription through recruitment of a chro-
matin-modifying enzyme complex and by establishing a
heterochromatic environment at the HIV-1 promoter in
microglial cells [111]. Indeed, this work suggests that
CTIP2 recruits histone deacetylases HDAC1 and HDAC2
to the viral promoter to promote local deacetylation of
the lysine 9 from histone 3 (H3). In addition, CTIP2 has
also been shown to associate to the histone methyltrans-
ferase SUV39H1, which induces trimethylation of lysine 9
from H3 therefore allowing the recruitment of hetero-
chromatin protein 1 (HP1), heterochromatin formation
and HIV-1 silencing (figure 2). Interestingly, by using a
microarray analysis with a microglial cell line knocked
down for CTIP2, we have shown an up regulation of the
cellular cycle independent kinase inhibitor CDKN1A/
p21waf (unpublished data). This latter factor has been
recently described as a pivotal facilitator of the HIV-1 life
cycle in macrophages [116,117]. Indeed, HIV-1 infection
activates p21 expression and forces a cell cycle arrest that
is highly permissive for viral transcription in mac-
rophages. We have recently reported that CTIP2 is a key
transcriptional regulator of p21 gene expression [118].
CTIP2 recruited to the p21 promoter silences p21 gene
transcription by inducing epigenetic modifications as
described above for the HIV-1 promoter. This effect indi-
rectly favors HIV-1 latency since activation of p21 gene
stimulates viral expression in macrophages [117]. More-
over, CTIP2 counteracts HIV-1 Vpr which is required for
p21 expression (see the accompanying review from
Ayinde et al for more details regarding the role of Vpr in
macrophage infection). We have suggested that all these
factors contribute together to HIV-1 transcriptional
latency in microglial cells [118]. However, p21 may have
various effects along the replicative cycle of HIV-1; a very
recent report from Bergamaschi et al has described p21
as an inhibitor of the HIV-1 replication [119]. Indeed,
they have shown that FcγR activation can interfere with
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Figure 2 Functions of CTIP2 in the regulation of HIV-1 gene transcription. CTIP2 (COUP-TF Interacting Protein 2), a transcriptional repressor, has 
been pointed out as an actor of the latency establishment in the macrophage lineage. First, it has been shown that CTIP2 has a direct impact onto the 
HIV-1 LTR promoter by replacing transcriptional activator, such P300 (top left). CTIP2 interacts with Sp1, which is anchored to the LTR, switching nuc-
1 from a transcriptionally active to a repressive state. Following its binding to Sp1, CTIP2 recruits sequentially histone deacetylase (HDAC) 1 and 2, 
which remove acetylation marks from the nuc-1 nucleosome, and then SUV39H1, which add a tri-methylation mark onto the lysine 9 of the histone 
protein H3. As for SUV39H1, it interacts with HP1, a protein stabilizing nuc-1 in a transcriptional closed state. Moreover, CTIP2 is also able to indirectly 
repress HIV-1 gene transcription. Indeed, CTIP2 can counter the action of the viral protein Vpr. One of the roles of Vpr is to induce a cell cycle arrest 
through activation of the p21 gene. Sp1-mediated recruitement of Vpr to the p21 gene promoter increases the production of the p21 protein, a cell 
cycle regulator. Consequence of such block in cell cycle is an enhancement of the viral transcription. The binding of CTIP2 to the p21 promoter forces 
Vpr release, HDACs and SUV39H1 recruitment, HP1 association and p21 gene silencing.
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ated to the induction of p21 expression. This role of p21
as an inhibitory factor in macrophages has also been
reported for other Lentiviruses such as SIVmac and HIV-
2 [119]. As discussed in this latter report and in the
accompanying review (Bergamaschi and Pancino), p21
might have different effects on HIV-1 infection of mac-
rophages depending on the targeted viral life cycle step
and therefore on the time since infection.
An original post transcriptional mechanism involved in 
latency: the microRNA
The host antiviral processes using microRNA (miRNA)
as a defense mechanism are now considered as funda-
mental for regulation of animal and plant gene expression
[120]. Indeed miRNA, 19-25 nucleotide long non-coding
RNAs, are involved in various biological processes in
eukaryotic cells [121,122]. The miRNAs interact with a
complementary sequence in the 3'-UTR of target
mRNAs, that leads either to mRNA degradation, or more
often to translational inhibition [122]. It has been shown
that miRNAs are involved as well in the regulation of
virus expression [123]. These processes are manipulated
or quenched by HIV-1, and this favors the establishment
and maintenance of latency [124]. Recently, it was shown
that miRNAs regulate the expression of the histone
acetyltransferase Tat cofactor PCAF, and HIV replication
[125]. Moreover, an enrichment of miRNAs in clusters
has been observed only in resting CD4+ T cells and not in
active CD4+ T cells [126], suggesting that these miRNA
clusters inhibit HIV replication and therefore contribute
to HIV latency in resting primary CD4+ T cells. A similar
mechanism, based on cellular miRNA, has also been
described in circulating monocytes [127]. In another
recent report Sung & Rice have identified a miRNA (miR-
198) that is strongly down-regulated when monocytes are
induced to differentiate. Moreover, they have shown that
this miRNA restricts HIV-1 replication through the
repression of CycT 1 expression [128]. This result con-
firms previous observations that translation of CycT1
mRNA is inhibited in monocytes [129]. Identification of
additional miRNAs involved in the repression of host
and/or viral factors that could be involved in HIV-1
restriction are needed. Altogether, these data indicate
that miRNA are crucial in promoting HIV-1 latency and
suggest also that a manipulation of miRNAs could be use-
ful in therapies aiming to purge reservoirs [130].
Influence of the microenvironment in establishing latency
Finally, it has been proposed that the establishment of
latently infected macrophages occurs in a suppressive
microenvironment made of apoptotic cells [131]. Apop-
totic cells induce an inhibition of HIV-1 transcription in
the infected macrophages by a signal transduction which
involves ELMO. This molecule is indeed involved in the
phagocytosis of apoptotic cells [131].
Mechanisms of HIV-mediated apoptosis resistance 
in the monocyte-macrophage lineage
Another strategy developed by the virus in order to per-
sist in infected cells is to render them resistant to apopto-
sis.
The NF-kB pathway
Several reports have pointed out that NF-kB activity pre-
vents cells to undergo apoptosis [132,133] The pathway
involving NF-kB is activated upon HIV-1 infection in
monocyte cells and in primary macrophages [134] (see
also the accompanying review from Herbein et al). It has
been proposed that TNFα-induced NF-kB activity might
be involved in the inhibition of apoptosis and the survival
of monocytes and macrophages even if Tumour Necrosis
Factor alpha (TNFα) is best known as a pro-inflamma-
tory mediator capable to induce apoptosis. Persistent
HIV-1 infection of macrophages results in increased lev-
els of the transcription factor nuclear factor kappa B (NF-
κB) in the nucleus secondary to increased IκBα, IκBβ, and
IκBε degradation, a mechanism postulated to regulate
viral persistence [135,136]. NF-κB is involved in the resis-
tance to TNF-induced apoptosis that might result in a
decreased susceptibility to apoptosis of macrophage ver-
sus T cells in the context of chronic immune activation
like in HIV-1 infection. This indicates clearly that HIV-1
can manipulate the apoptotic machinery to its advantage.
Moreover, HIV-1 can induce a dual regulation of the anti-
apoptotic protein Bcl-2, resulting in persistent infection
of monocytic cells [137]. HIV-1 infection first results in a
decrease of Bcl-2 and thioredoxin, permitting an initial
boost of replication. Then, as the synthesis at the tran-
scriptional level proceeds, replication is negatively con-
trolled by Bcl-2 to reach a balance characterized by low
virus production and higher Bcl-2 and thioredoxin levels
resulting in low but sustained viral production compati-
ble with cell survival [137,138]. Recently, the absence of
apoptosis in HIV-1-infected primary human mac-
rophages has been reported to correlate with an increase
in anti-apoptotic Bcl-2 and Bcl-XL proteins and a
decrease of pro-apoptotic Bax and Bad proteins [139].
The role in apoptosis of viral proteins is often dual
The protein Nef is a regulating protein expressed early
and abundantly throughout the course of HIV-1 infec-
tion. This protein has dual effects depending on the stage
of infection. In the early stage, Nef contributes to the con-
stitution of reservoirs with sustained virus production. It
mimics the action of TNFα with subsequent activation of
NF-kB and MAPK [140,141]. In latter stages, it is
involved in the inhibition of apoptosis in infected cells by
blocking TNF-mediated apoptosis [142-144]. The Nef
protection to the HIV-1-induced apoptosis correlated
with the hyper-phosphorylation and consequent inacti-
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is also involved in the blockade of p53-mediated apopto-
sis [145]. Therefore the Nef anti-apoptotic effect could be
a relevant part of the mechanism of the in vivo establish-
ment of the HIV-1 macrophage reservoirs. Macrophage
express 10-times lower numbers of cell surface CD4 than
CD4+ T cells [146], and therefore might be less suscepti-
ble to HIV-1 superinfection. Since high levels of cell sur-
face CD4 on HIV-infected cells reportedly induce a
dramatic reduction in the infectivity of released virions
by sequestering the viral envelope by CD4 [147], low lev-
els of CD4 on the cell surface of macrophage might
favour the release of infectious virions from the infected
cell, and thereby could optimize transmission of virions
to the cells present in the vicinity. Third, the viral life
cycle of HIV-1 is 6-times slower in primary macrophage
than in primary T cells due to a slower reverse transcrip-
tion process, suggesting that the rate of virion production
might be lower in macrophage than in CD4+ T cells,
thereby allowing macrophage to form long-lasting virus
reservoirs [148,149].
Tat and gp120 have also dual effects on apoptosis
depending of the cell type. In the central nervous system,
HIV-1 triggers apoptosis in neurons. This is also seen
when neurons are exposed to extracellular Tat or gp120
[150]. On the other hand, microglial cells, the CNS resi-
dent macrophage, do not undergo apoptosis upon HIV-1
infection or following exposure to extracellular viral pro-
teins such as Tat or gp120 [151-153]. Tat-mediated resis-
tance to apoptosis in microglial cells is due to the
activation of the PI-3-K/AKT cell survival signaling path-
way. The protein Tat also decreases the activity of p53.
The protein Tat has also been shown to mediate apopto-
sis resistance by up regulating Bcl-2. This anti-apoptotic
factor inhibit TNFα related apoptosis-induced ligand
(TRAIL mediated apoptosis) [154]. This combined action
of Tat will therefore favor long term cellular survival
observed in microglial cells throughout the course of
HIV-1 infection [152].
Over-expression of CTIP2, described as an anti-apop-
totic factor [155], in microglial cells leads to a repression
of p21 expression [118]. This is partly due to the inhibi-
tion of the p53 activity on p21 transcription and also to
the fact that CTIP2 counteracts Vpr. This latter protein
has been shown to trigger apoptotic events in infected
lymphocytes and in neurons [156-158]. Taken together,
the data suggest that CTIP2 might be involved in the
apoptosis resistance of microglial cells, besides its role in
the establishment and maintenance of HIV-1 latency.
Some investigators have shown that p21 transcription is
slightly increased in monocytes recovered from chroni-
cally-infected patients and is associated with an anti-
apoptosis signature [159]. The apparent discrepancy in
the role of p21 in apoptosis in monocytes versus micro-
glial cells needs to be clarified. It might arise from the
dependence of the activities of p21 on the cell type, sub-
cellular location, expression level and phosphorylation
status. Moreover, p21 expression is regulated by both
p53-dependent and p53-independent mechanisms. An
increase in p21 expression mediated by Fcγ R activation
in macrophages was not due to an induction of p53 since
its silencing did not block p21 induction by Immune
Complexes [119]. It should be noted that it is not clear
whether p21 is an oncogene [160] (which could be
involved in the inhibition of apoptosis) or an anti-onco-
gene [161] (which could be involved in the induction of
apoptosis).
The protein gp120 produced by monocyte-mac-
rophages inhibits TRAIL-mediated cell death by inducing
the expression of macrophage-stimulating factor (M-
CSF). This envelope protein also up-regulates expression
of several anti-apoptotic genes such as Bfl-1 and Mcl-1
[162]. A stable signature of anti-apoptosis, comprising 38
genes including p53, MAPK and TNF signaling networks
has also been identified from circulating monocytes of
HIV-1 infected patients [159]. CCR5 co-receptor bound
by HIV-1 can lead to apoptosis resistance in monocyte
cultures. A recent report has also stressed the central role
of CCR5 during HIV-1 infection [163]. This paper
described a case of a HIV-1 positive patient, who received
bone marrow transplantation for leukemia. In the follow-
up study there was no evidence of the virus in the blood-
stream even after 20 months. Myeloablation and T cells
ablation were suggested to favor the elimination of the
long-lived reservoirs. Indeed, transplantation was done
with cells from a homozygous donor for mutation in the
HIV-1 co-receptor CCR5. This mutation is well known to
be associated with resistance to HIV-1 infection. There-
fore development of new molecules to inhibit CCR5 core-
ceptor function will be a great challenge in the next years.
It will be also interesting to investigate whether the inter-
action between CXCR4 co-receptor and HIV1 could also
trigger apoptosis resistance. Apart from the critical role
CCR5 plays in maintaining HIV-1 infection, this study
also raises the possibility that the main target to cure the
patients from AIDS are the peripherical circulating cells
including the monocytes (and by the way the infected
HPCs). Indeed, whole-body irradiation leading to com-
plete remission of acute myeloid leukemia will mainly tar-
get radiosensible cells such as HPCs and peripherical
circulating cells. The fact that no virus has been detected
at month 20 of follow-up, might suggest that reservoirs in
sanctuaries could not sustain viral replication alone.
However, the importance of these reservoirs in the physi-
ological context of infected WT-CCR5 patients should
not be neglected.
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miRNA
Finally, a new mechanism has been proposed that protect
cells from apoptosis and therefore extend the lifespan of
infected cells. This mechanism is based on the suppres-
sion of the cell's RNAi activity by synthesis of a TAR
miRNA, a small hairpin RNA. This RNA is capable to
sequester the miRNA processing machinery of the cell
and therefore impedes the functioning of cellular antiviral
miRNAs [164]. Moreover, this TAR miRNA has also been
shown to be involved in the down regulation of the
expression of several proteins related to apoptosis [165].
Our knowledge of the mechanisms involved in apopto-
sis resistance is far from complete. The diversity of strate-
gies used by HIV-1 to manipulate the apoptotic pathway
emphasizes the capacity this virus possesses to survive in
its host. We note that mechanisms involved in apoptosis
resistance, at least the mechanisms involving the TNF-
signaling pathway, are also involved in virus production.
It seems that the nature of this reservoir is rather differ-
ent from the latent reservoir. The therapeutical implica-
tions are therefore important since stimuli such as
phorbol esters will not be suitable to purge the reservoir.
Indeed, this treatment will reactivate the expression of
HIV-1 in latent reservoir but may increase the resistance
to apoptosis in viral reservoir that exhibit a sustained
production of virions. The survival of viral reservoirs is of
great importance since it is also an obstacle to HIV-1
eradication. The mechanisms underlying this apoptosis
resistance are essential for devising new and original
therapeutic strategies to purge the reservoirs, but are far
from being completely known.
Implications for therapy
The introduction of HAART in 1996 has greatly
improved survival, but it has been unable to eradicate the
virus from latently infected reservoirs. A principle cause
may be that besides the best characterized cellular reser-
voir of memory CD4+ T-cells there are other reservoirs,
such as the monocyte-macrophage reservoir. Moreover,
these cells are often found in tissue sanctuary sites, like
the brain, that are protected from drug penetration [166-
168]. Furthermore, several reverse transcriptase inhibi-
tors are ineffective in chronically infected macrophages
[34] and protease inhibitors have significantly lower
activities in these cells compared to lymphocytes [169].
The emergence of multidrug resistant viruses has been
reported in an increasing number of patients receiving
HAART [110,170,171]. Finally, the nature of the reser-
voirs (latent reservoir with no or low virus replication
versus productive reservoir which are resistant to apopto-
sis) has to be taken into account. These considerations
(existence of several reservoirs, tissue-sanctuary sites and
multidrug resistance) encourage the search for new and
original anti HIV-1 treatment strategies. New methods
should be developed which target each of these reser-
voirs. We believe that eradication of the virus could be
achieved by specifically purging targeted reservoirs and
concomitantly eliminating the virus by a reinforced
HAART. Another way to control HIV-1 replication is to
re-inforce the latency status by using transcriptional
inhibitors.
Use of transcriptional inhibitors to control HIV-1 
progression
At present the therapy of HIV-1-infected patients is
based on a combination of HIV gp41, reverse tran-
scriptase and protease inhibitors. We believe that new
drugs should target other steps of the HIV-1 cycle. For
example, they could be directed against proteins involved
in the transcription of the inserted virus genome. Tat has
a critical role in transcription, and constitutes a major
target in therapeutic intervention in the HIV replicative
cycle [172-174]. Moreover, drugs could be designed to
target cellular cofactors involved in the activation of tran-
scription. This strategy should be able to by-pass drug-
resistance which arises with viral proteins. Therefore,
ways to synthetize drugs which interfere with HIV-1 rep-
lication in monocyte-macrophage should be devised
[175]. Several transcriptional inhibitors already charac-
terized such as C-terminally truncated STAT5, Staf 50,
Prothymosin α and thioredoxin reductase [176-179]
could be used for controlling viral expression in the
human macrophages. Inhibition of the NFAT5-LTR inter-
action by using small interfering RNA is also promising
since it suppresses HIV-1 replication in primary mac-
rophages and therefore progression of AIDS [180]. The
discovery that only macrophages are able to repress HIV-
1 transcription and replication in response to Il10 need
further investigation since we could specifically control
HIV-1 expression in these cells [129,181]. The demon-
stration that treatment of HIV-1 infected lymphocytes
with the O-GlcNAcylation-enhancing agent glucosamine
repressed viral transcription opens the way to metabolic
treatment [182]. This treatment might work in the mono-
cyte-macrophage lineage since this chemical compound
affects Sp1 and therefore inhibits the activity of the LTR
promoter. According to several reports, OKT18, a zinc-
finger protein, can reduce HIV-1 replication in human
macrophages by the suppression of Tat-induced HIV-1
LTR activity [93,183]. New approaches based on engi-
neered transcription factors are now emerging with zinc
finger protein as an attractive candidate for antiretroviral
therapy since their binding to HIV-1 LTR in a sequence
specific manner is associated with the repression of LTR
activity [97,98]. Interestingly, zinc-finger protein can
influence the chromatin compaction and nuclear organi-
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netic regulation [98].
Finally, new drugs must be designed with properties
that allow them to penetrate tissue-sanctuary sites such
as the brain [166].
Strategies based on virus reactivation from latent 
reservoirs
Recently, a new and original strategy has been proposed
to eradicate the virus from infected patients. The main
idea is to facilitate the reactivation of viruses from latent
reservoirs, which are then destroyed by HAART (figure
3). Many factors have been involved in reactivation
including physiological stimuli, chemical compounds like
phorbol esters, histone deacetylase inhibitors, p-TEFb
activators, and some activating antibodies (antiCD3).
Many eradication protocols passed preclinical studies [2]
but to date all failed in clinical trials. Some protocols
failed due to the potential toxicity of treatments based on
non specific cell activation such as IL2 [184]. The recent
discovery that an alternatively spliced form of the cellular
transcription factor Ets-1 can activate latent HIV-1 in an
Figure 3 Pharmaceutical approaches of the potential reactivation pathways on latently integrated HIV-1 genome. Multiple ways of reactiva-
tion are possible to occur to re-initiate the HIV-1 transcription. Extern signals, such as TNF-α, can trigger the activation of transcriptional activator, like 
the heterodimer p50/p65. In the mean time, host protein balance may change, leading to higher availability of transcriptional activators. For instance, 
miRNAs regulates the rate of PCAF, a coactivator produced by the host cell (green arrow - Multiple potential reactivation pathways). There are some 
critical steps in this process that may be targeted to reactivate or hinder the latency establishment (Red boxes). HDAC inhibitors (HDACi) may prevent 
the formation of heterochromatin; Prostratin induces the IKK activation, which provokes the activation of transcriptions factors; HMBA increases the 
pTEFb release from the inactive stock; it is possible to reverse the miRNAs negative impact on the mRNAs of transcriptional activators and/or CycT1 
through specific siRNAs.
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peutic potential of cellular factors for the reactivation of
latent HIV-1 [185]. Future eradication protocols should
use a combination of drugs targeting all the viral silencing
mechanisms identified to reactivate HIV-1 from latently-
infected cells. A protocol with a similar approach gave
promising results. In this study, the association of a
HDAC inhibitor or a DNA methylation inhibitor with
prostratin (phorbol ester that stimulates protein kinase C
activity) proved to have a synergistic effect on the activa-
tion of HIV-1 expression [186,187].
Strategies based on increasing apoptosis susceptibility
Increasing the susceptibility of the infected cells to apop-
tosis is also of great interest. Essentially, the HIV-1 pro-
teins Tat, Nef and the envelope protein gp120 should be
targeted, as these proteins have a crucial function in dif-
ferent steps of the virus cycle and also in the acquired
resistance to apoptosis. A better comprehension of mech-
anisms involved in resistance to apoptosis has also
allowed to devise drugs against host factors which render
cells susceptible to die. For example, molecules which
interfere with the chemokine receptor CCR5 are promis-
ing since these molecules are both involved in virus entry
and in apoptosis resistance. Several CCR5 antagonists are
already used in clinical trials [188,189]. A chemothera-
peutic drug, Imatibib, restored apoptotic sensitivity of
HIV-1 macrophages through the inhibition of the activity
of the pro-survival cytokine macrophage colony-stimu-
lating factor (M-CSF) [162]. Finally, several AKT inhibi-
tors including Miltefosine are also promising molecules
for targeting long-lived viral reservoirs [190].
A dramatic reduction of monocyte-macrophage reser-
voirs might be achieved by strategic interventions target-
ing both the resistance of infected cells to apoptosis and
the reactivation of latently-infected cells associated with a
reinforced antiretroviral therapy.
Conclusion
Cells from monocyte-macrophage lineage are an ideal
reservoir for HIV-1. This is due to several features of
these cells including long lifespan, absence of direct cyto-
pathic effect, apoptosis resistance of infected cells, exis-
tence of latently infected cells (with low or no virus
expression) and their localization in sanctuaries. The
purging of this reservoir is therefore crucial since it con-
stitutes one of the major obstacles to HIV-1 eradication
from infected patients. A drastic reduction of this reser-
voir might be achieved by the development of new and
original therapies which target specifically all the reser-
voirs, including the monocyte-macrophages. These treat-
ments might not lead to a complete eradication of HIV-1
but there is hope that a drastic reduction could be
achieved with levels of expression comparable to those in
elite non progressors patients who remain asymptomatic
without an antiretroviral therapy.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
CS conceived and wrote the manuscript. VLD, GH and OR contributed to the
writing of the manuscript. VLD created figures 1, 2 and 3 and their legends. All
authors have read and approved the final manuscript.
Acknowledgements
We are grateful to Andrea Janossy and Andras Janossy for a careful and critical 
reading of the manuscript. This review is issued from a reflection conducted by 
the association for Macrophages and Infection Research (AMIR). We thank the 
Agence Nationale de Recherches sur le SIDA (ANRS) concerted actions 31 
(Dendritic cells, Antigen Presentation and Innate Immunity) and 32 (Viral reser-
voirs: Formation and Control) for their contributions in the initation and the 
managment of scientific collaborations. This work was supported by the Insti-
tut National de la Santé et de la Recherche Médicale (INSERM), by grants from 
the ANRS to OR, from Sidaction to OR and from the French Ministry of Research 
('ACI JC 5364' to OR and doctoral grant to VL). GH is supported by grants from 
the French Ministry of Research (UPRES EA3186) and from the University of 
Franche-Comté.
Author Details
1INSERM unit 575, Pathophysiology of Central Nervous System, Institute of 
Virology, rue Koeberlé, 67000 Strasbourg, France, 2IUT Louis Pasteur de 
Schiltigheim, University of Strasbourg, 1 Allée d'Athènes, 67300 Schiltigheim, 
France and 3UPRES EA 3186, Pathogens and Inflammation, CHU of Besançon, 
University of Franche-Comté, Department of Virology, 25030 Besançon, France
References
1. Barre-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, Gruest J, 
Dauguet C, Axler-Blin C, Vezinet-Brun F, Rouzioux C, Rozenbaum W, 
Montagnier L: Isolation of a T-lymphotropic retrovirus from a patient at 
risk for acquired immune deficiency syndrome (AIDS).  Science 1983, 
220:868-871.
2. Geeraert L, Kraus G, Pomerantz RJ: Hide-and-seek: the challenge of viral 
persistence in HIV-1 infection.  Annu Rev Med 2008, 59:487-501.
3. Di Mascio M, Dornadula G, Zhang H, Sullivan J, Xu Y, Kulkosky J, 
Pomerantz RJ, Perelson AS: In a subset of subjects on highly active 
antiretroviral therapy, human immunodeficiency virus type 1 RNA in 
plasma decays from 50 to <5 copies per milliliter, with a half-life of 6 
months.  J Virol 2003, 77:2271-2275.
4. Dornadula G, Zhang H, VanUitert B, Stern J, Livornese L Jr, Ingerman MJ, 
Witek J, Kedanis RJ, Natkin J, DeSimone J, Pomerantz RJ: Residual HIV-1 
RNA in blood plasma of patients taking suppressive highly active 
antiretroviral therapy.  Jama 1999, 282:1627-1632.
5. Harrigan PR, Whaley M, Montaner JS: Rate of HIV-1 RNA rebound upon 
stopping antiretroviral therapy.  Aids 1999, 13:F59-62.
6. Zhang L, Chung C, Hu BS, He T, Guo Y, Kim AJ, Skulsky E, Jin X, Hurley A, 
Ramratnam B, Markowitz M, Ho DD: Genetic characterization of 
rebounding HIV-1 after cessation of highly active antiretroviral 
therapy.  J Clin Invest 2000, 106:839-845.
7. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, Quinn 
TC, Chadwick K, Margolick J, Brookmeyer R, Gallant J, Markowitz M, Ho DD, 
Richman DD, Siliciano RF: Identification of a reservoir for HIV-1 in 
patients on highly active antiretroviral therapy.  Science 1997, 
278:1295-1300.
8. Chun TW, Stuyver L, Mizell SB, Ehler LA, Mican JA, Baseler M, Lloyd AL, 
Nowak MA, Fauci AS: Presence of an inducible HIV-1 latent reservoir 
during highly active antiretroviral therapy.  Proc Natl Acad Sci USA 1997, 
94:13193-13197.
9. Zhang L, Ramratnam B, Tenner-Racz K, He Y, Vesanen M, Lewin S, Talal A, 
Racz P, Perelson AS, Korber BT, Markowitz M, Ho DD: Quantifying residual 
Received: 25 September 2009 Accepted: 9 April 2010 
Published: 9 April 2010
This article is available from: http://www.retrovirology.com/content/7/1/32© 2010 Le Douce et al; licensee BioMed Central Ltd. is an Open Access article distributed u der the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Retroviro ogy 2010, 7:32
Le Douce et al. Retrovirology 2010, 7:32
http://www.retrovirology.com/content/7/1/32
Page 12 of 16HIV-1 replication in patients receiving combination antiretroviral 
therapy.  N Engl J Med 1999, 340:1605-1613.
10. Chun TW, Carruth L, Finzi D, Shen X, DiGiuseppe JA, Taylor H, Hermankova 
M, Chadwick K, Margolick J, Quinn TC, Kuo YH, Brookmeyer R, Zeiger MA, 
Barditch-Crovo P, Siliciano RF: Quantification of latent tissue reservoirs 
and total body viral load in HIV-1 infection.  Nature 1997, 387:183-188.
11. Chun TW, Finzi D, Margolick J, Chadwick K, Schwartz D, Siliciano RF: In 
vivo fate of HIV-1-infected T cells: quantitative analysis of the transition 
to stable latency.  Nat Med 1995, 1:1284-1290.
12. Perelson AS, Essunger P, Cao Y, Vesanen M, Hurley A, Saksela K, Markowitz 
M, Ho DD: Decay characteristics of HIV-1-infected compartments 
during combination therapy.  Nature 1997, 387:188-191.
13. Wong JK, Hezareh M, Gunthard HF, Havlir DV, Ignacio CC, Spina CA, 
Richman DD: Recovery of replication-competent HIV despite 
prolonged suppression of plasma viremia.  Science 1997, 
278:1291-1295.
14. Chun TW, Davey RT Jr, Ostrowski M, Shawn Justement J, Engel D, Mullins 
JI, Fauci AS: Relationship between pre-existing viral reservoirs and the 
re-emergence of plasma viremia after discontinuation of highly active 
anti-retroviral therapy.  Nat Med 2000, 6:757-761.
15. Ho DD, Zhang L: HIV-1 rebound after anti-retroviral therapy.  Nat Med 
2000, 6:736-737.
16. Dybul M, Daucher M, Jensen MA, Hallahan CW, Chun TW, Belson M, 
Hidalgo B, Nickle DC, Yoder C, Metcalf JA, Davey RT, Ehler L, Kress-Rock D, 
Nies-Kraske E, Liu S, Mullins JI, Fauci AS: Genetic characterization of 
rebounding human immunodeficiency virus type 1 in plasma during 
multiple interruptions of highly active antiretroviral therapy.  J Virol 
2003, 77:3229-3237.
17. Bailey JR, Sedaghat AR, Kieffer T, Brennan T, Lee PK, Wind-Rotolo M, 
Haggerty CM, Kamireddi AR, Liu Y, Lee J, Persaud D, Gallant JE, 
Cofrancesco J Jr, Quinn TC, Wilke CO, Ray SC, Siliciano JD, Nettles RE, 
Siliciano RF: Residual human immunodeficiency virus type 1 viremia in 
some patients on antiretroviral therapy is dominated by a small 
number of invariant clones rarely found in circulating CD4+ T cells.  J 
Virol 2006, 80:6441-6457.
18. Keele BF, Tazi L, Gartner S, Liu Y, Burgon TB, Estes JD, Thacker TC, Crandall 
KA, McArthur JC, Burton GF: Characterization of the follicular dendritic 
cell reservoir of human immunodeficiency virus type 1.  J Virol 2008, 
82:5548-5561.
19. Zhu T, Muthui D, Holte S, Nickle D, Feng F, Brodie S, Hwangbo Y, Mullins JI, 
Corey L: Evidence for human immunodeficiency virus type 1 
replication in vivo in CD14(+) monocytes and its potential role as a 
source of virus in patients on highly active antiretroviral therapy.  J Virol 
2002, 76:707-716.
20. Alexaki A, Liu Y, Wigdahl B: Cellular reservoirs of HIV-1 and their role in 
viral persistence.  Curr HIV Res 2008, 6:388-400.
21. Alexaki A, Wigdahl B: HIV-1 infection of bone marrow hematopoietic 
progenitor cells and their role in trafficking and viral dissemination.  
PLoS Pathog 2008, 4:e1000215.
22. Coleman CM, Wu L: HIV interactions with monocytes and dendritic 
cells: viral latency and reservoirs.  Retrovirology 2009, 6:51.
23. Crowe S, Zhu T, Muller WA: The contribution of monocyte infection and 
trafficking to viral persistence, and maintenance of the viral reservoir in 
HIV infection.  J Leukoc Biol 2003, 74:635-641.
24. Shen L, Siliciano RF: Viral reservoirs, residual viremia, and the potential 
of highly active antiretroviral therapy to eradicate HIV infection.  J 
Allergy Clin Immunol 2008, 122:22-28.
25. Ho DD, Rota TR, Hirsch MS: Infection of monocyte/macrophages by 
human T lymphotropic virus type III.  J Clin Invest 1986, 77:1712-1715.
26. Nicholson JK, Cross GD, Callaway CS, McDougal JS: In vitro infection of 
human monocytes with human T lymphotropic virus type III/
lymphadenopathy-associated virus (HTLV-III/LAV).  J Immunol 1986, 
137:323-329.
27. Pelchen-Matthews A, Kramer B, Marsh M: Infectious HIV-1 assembles in 
late endosomes in primary macrophages.  J Cell Biol 2003, 162:443-455.
28. Raposo G, Moore M, Innes D, Leijendekker R, Leigh-Brown A, Benaroch P, 
Geuze H: Human macrophages accumulate HIV-1 particles in MHC II 
compartments.  Traffic 2002, 3:718-729.
29. Bieniasz PD: The cell biology of HIV-1 virion genesis.  Cell Host Microbe 
2009, 5:550-558.
30. Williams KC, Corey S, Westmoreland SV, Pauley D, Knight H, deBakker C, 
Alvarez X, Lackner AA: Perivascular macrophages are the primary cell 
type productively infected by simian immunodeficiency virus in the 
brains of macaques: implications for the neuropathogenesis of AIDS.  J 
Exp Med 2001, 193:905-915.
31. Lambotte O, Taoufik Y, de Goer MG, Wallon C, Goujard C, Delfraissy JF: 
Detection of infectious HIV in circulating monocytes from patients on 
prolonged highly active antiretroviral therapy.  J Acquir Immune Defic 
Syndr 2000, 23:114-119.
32. McElrath MJ, Steinman RM, Cohn ZA: Latent HIV-1 infection in enriched 
populations of blood monocytes and T cells from seropositive 
patients.  J Clin Invest 1991, 87:27-30.
33. Ellery PJ, Tippett E, Chiu YL, Paukovics G, Cameron PU, Solomon A, Lewin 
SR, Gorry PR, Jaworowski A, Greene WC, Sonza S, Crowe SM: The CD16+ 
monocyte subset is more permissive to infection and preferentially 
harbors HIV-1 in vivo.  J Immunol 2007, 178:6581-6589.
34. Aquaro S, Calio R, Balzarini J, Bellocchi MC, Garaci E, Perno CF: 
Macrophages and HIV infection: therapeutical approaches toward this 
strategic virus reservoir.  Antiviral Res 2002, 55:209-225.
35. Perno CF, Svicher V, Ceccherini-Silberstein F: Novel drug resistance 
mutations in HIV: recognition and clinical relevance.  AIDS Rev 2006, 
8:179-190.
36. Veazey RS, DeMaria M, Chalifoux LV, Shvetz DE, Pauley DR, Knight HL, 
Rosenzweig M, Johnson RP, Desrosiers RC, Lackner AA: Gastrointestinal 
tract as a major site of CD4+ T cell depletion and viral replication in SIV 
infection.  Science 1998, 280:427-431.
37. Smith PD, Meng G, Salazar-Gonzalez JF, Shaw GM: Macrophage HIV-1 
infection and the gastrointestinal tract reservoir.  J Leukoc Biol 2003, 
74:642-649.
38. Zhu T: HIV-1 in peripheral blood monocytes: an underrated viral 
source.  J Antimicrob Chemother 2002, 50:309-311.
39. Spira AI, Marx PA, Patterson BK, Mahoney J, Koup RA, Wolinsky SM, Ho DD: 
Cellular targets of infection and route of viral dissemination after an 
intravaginal inoculation of simian immunodeficiency virus into rhesus 
macaques.  J Exp Med 1996, 183:215-225.
40. Smed-Sorensen A, Lore K, Vasudevan J, Louder MK, Andersson J, Mascola 
JR, Spetz AL, Koup RA: Differential susceptibility to human 
immunodeficiency virus type 1 infection of myeloid and plasmacytoid 
dendritic cells.  J Virol 2005, 79:8861-8869.
41. Lore K, Smed-Sorensen A, Vasudevan J, Mascola JR, Koup RA: Myeloid and 
plasmacytoid dendritic cells transfer HIV-1 preferentially to antigen-
specific CD4+ T cells.  J Exp Med 2005, 201:2023-2033.
42. Haase AT, Henry K, Zupancic M, Sedgewick G, Faust RA, Melroe H, Cavert 
W, Gebhard K, Staskus K, Zhang ZQ, Dailey PJ, Balfour HH Jr, Erice A, 
Perelson AS: Quantitative image analysis of HIV-1 infection in lymphoid 
tissue.  Science 1996, 274:985-989.
43. Otero M, Nunnari G, Leto D, Sullivan J, Wang FX, Frank I, Xu Y, Patel C, 
Dornadula G, Kulkosky J, Pomerantz RJ: Peripheral blood Dendritic cells 
are not a major reservoir for HIV type 1 in infected individuals on virally 
suppressive HAART.  AIDS Res Hum Retroviruses 2003, 19:1097-1103.
44. Perno CF, Svicher V, Schols D, Pollicita M, Balzarini J, Aquaro S: 
Therapeutic strategies towards HIV-1 infection in macrophages.  
Antiviral Res 2006, 71:293-300.
45. Collman R, Hassan NF, Walker R, Godfrey B, Cutilli J, Hastings JC, Friedman 
H, Douglas SD, Nathanson N: Infection of monocyte-derived 
macrophages with human immunodeficiency virus type 1 (HIV-1). 
Monocyte-tropic and lymphocyte-tropic strains of HIV-1 show 
distinctive patterns of replication in a panel of cell types.  J Exp Med 
1989, 170:1149-1163.
46. Orenstein JM, Fox C, Wahl SM: Macrophages as a source of HIV during 
opportunistic infections.  Science 1997, 276:1857-1861.
47. Caselli E, Galvan M, Cassai E, Caruso A, Sighinolfi L, Di Luca D: Human 
herpesvirus 8 enhances human immunodeficiency virus replication in 
acutely infected cells and induces reactivation in latently infected cells.  
Blood 2005, 106:2790-2797.
48. Williams KC, Hickey WF: Central nervous system damage, monocytes 
and macrophages, and neurological disorders in AIDS.  Annu Rev 
Neurosci 2002, 25:537-562.
49. Garden GA: Microglia in human immunodeficiency virus-associated 
neurodegeneration.  Glia 2002, 40:240-251.
50. Lassmann H, Schmied M, Vass K, Hickey WF: Bone marrow derived elements 
and resident microglia in brain inflammation.  Glia 1993, 7:19-24.
51. Carr JM, Ramshaw HS, Li P, Burrell CJ: CD34+ cells and their derivatives 
contain mRNA for CD4 and human immunodeficiency virus (HIV) co-
Le Douce et al. Retrovirology 2010, 7:32
http://www.retrovirology.com/content/7/1/32
Page 13 of 16receptors and are susceptible to infection with M- and T-tropic HIV.  J 
Gen Virol 1998, 79(Pt 1):71-75.
52. Deichmann M, Kronenwett R, Haas R: Expression of the human 
immunodeficiency virus type-1 coreceptors CXCR-4 (fusin, LESTR) and 
CKR-5 in CD34+ hematopoietic progenitor cells.  Blood 1997, 
89:3522-3528.
53. Aiuti A, Turchetto L, Cota M, Cipponi A, Brambilla A, Arcelloni C, Paroni R, 
Vicenzi E, Bordignon C, Poli G: Human CD34(+) cells express CXCR4 and 
its ligand stromal cell-derived factor-1. Implications for infection by T-
cell tropic human immunodeficiency virus.  Blood 1999, 94:62-73.
54. Folks TM, Kessler SW, Orenstein JM, Justement JS, Jaffe ES, Fauci AS: 
Infection and replication of HIV-1 in purified progenitor cells of normal 
human bone marrow.  Science 1988, 242:919-922.
55. Slobod KS, Bennett TA, Freiden PJ, Kechli AM, Howlett N, Flynn PM, Head 
DR, Srivastava DK, Boyett JM, Brenner MK, Garcia JV: Mobilization of 
CD34+ progenitor cells by granulocyte colony-stimulating factor in 
human immunodeficiency virus type 1-infected adults.  Blood 1996, 
88:3329-3335.
56. Stanley SK, Kessler SW, Justement JS, Schnittman SM, Greenhouse JJ, 
Brown CC, Musongela L, Musey K, Kapita B, Fauci AS: CD34+ bone 
marrow cells are infected with HIV in a subset of seropositive 
individuals.  J Immunol 1992, 149:689-697.
57. Ancuta P, Weiss L, Haeffner-Cavaillon N: CD14+CD16++ cells derived in 
vitro from peripheral blood monocytes exhibit phenotypic and 
functional dendritic cell-like characteristics.  Eur J Immunol 2000, 
30:1872-1883.
58. Randolph GJ, Beaulieu S, Lebecque S, Steinman RM, Muller WA: 
Differentiation of monocytes into dendritic cells in a model of 
transendothelial trafficking.  Science 1998, 282:480-483.
59. Randolph GJ, Inaba K, Robbiani DF, Steinman RM, Muller WA: 
Differentiation of phagocytic monocytes into lymph node dendritic 
cells in vivo.  Immunity 1999, 11:753-761.
60. Garcia JA, Harrich D, Soultanakis E, Wu F, Mitsuyasu R, Gaynor RB: Human 
immunodeficiency virus type 1 LTR TATA and TAR region sequences 
required for transcriptional regulation.  Embo J 1989, 8:765-778.
61. Kingsman SM, Kingsman AJ: The regulation of human 
immunodeficiency virus type-1 gene expression.  Eur J Biochem 1996, 
240:491-507.
62. Pereira LA, Bentley K, Peeters A, Churchill MJ, Deacon NJ: A compilation of 
cellular transcription factor interactions with the HIV-1 LTR promoter.  
Nucleic Acids Res 2000, 28:663-668.
63. Rohr O, Marban C, Aunis D, Schaeffer E: Regulation of HIV-1 gene 
transcription: from lymphocytes to microglial cells.  J Leukoc Biol 2003, 
74:736-749.
64. Redel L, Le Douce V, Cherrier T, Marban C, Janossy A, Aunis D, Van Lint C, 
Rohr O, Schwartz C: HIV-1 regulation of latency in the monocyte-
macrophage lineage and in CD4+ T lymphocytes.  J Leukoc Biol 2009, 
87:575-88.
65. Bukrinsky MI, Sharova N, Dempsey MP, Stanwick TL, Bukrinskaya AG, 
Haggerty S, Stevenson M: Active nuclear import of human 
immunodeficiency virus type 1 preintegration complexes.  Proc Natl 
Acad Sci USA 1992, 89:6580-6584.
66. Chiu YL, Soros VB, Kreisberg JF, Stopak K, Yonemoto W, Greene WC: 
Cellular APOBEC3G restricts HIV-1 infection in resting CD4+ T cells.  
Nature 2005, 435:108-114.
67. Korin YD, Zack JA: Nonproductive human immunodeficiency virus type 
1 infection in nucleoside-treated G0 lymphocytes.  J Virol 1999, 
73:6526-6532.
68. Zack JA, Haislip AM, Krogstad P, Chen IS: Incompletely reverse-
transcribed human immunodeficiency virus type 1 genomes in 
quiescent cells can function as intermediates in the retroviral life cycle.  
J Virol 1992, 66:1717-1725.
69. Gillim-Ross L, Cara A, Klotman ME: HIV-1 extrachromosomal 2-LTR 
circular DNA is long-lived in human macrophages.  Viral Immunol 2005, 
18:190-196.
70. Pang S, Koyanagi Y, Miles S, Wiley C, Vinters HV, Chen IS: High levels of 
unintegrated HIV-1 DNA in brain tissue of AIDS dementia patients.  
Nature 1990, 343:85-89.
71. Eckstein DA, Sherman MP, Penn ML, Chin PS, De Noronha CM, Greene WC, 
Goldsmith MA: HIV-1 Vpr enhances viral burden by facilitating infection 
of tissue macrophages but not nondividing CD4+ T cells.  J Exp Med 
2001, 194:1407-1419.
72. Poon B, Chen IS: Human immunodeficiency virus type 1 (HIV-1) Vpr 
enhances expression from unintegrated HIV-1 DNA.  J Virol 2003, 
77:3962-3972.
73. Kelly J, Beddall MH, Yu D, Iyer SR, Marsh JW, Wu Y: Human macrophages 
support persistent transcription from unintegrated HIV-1 DNA.  
Virology 2008, 372:300-312.
74. Cara A, Klotman ME: Retroviral E-DNA: persistence and gene expression 
in nondividing immune cells.  J Leukoc Biol 2006, 80:1013-1017.
75. Lassen K, Han Y, Zhou Y, Siliciano J, Siliciano RF: The multifactorial nature 
of HIV-1 latency.  Trends Mol Med 2004, 10:525-531.
76. Marcello A: Latency: the hidden HIV-1 challenge.  Retrovirology 2006, 3:7.
77. Jordan A, Defechereux P, Verdin E: The site of HIV-1 integration in the 
human genome determines basal transcriptional activity and response 
to Tat transactivation.  Embo J 2001, 20:1726-1738.
78. Han Y, Lin YB, An W, Xu J, Yang HC, O'Connell K, Dordai D, Boeke JD, 
Siliciano JD, Siliciano RF: Orientation-dependent regulation of 
integrated HIV-1 expression by host gene transcriptional readthrough.  
Cell Host Microbe 2008, 4:134-146.
79. Lenasi T, Contreras X, Peterlin BM: Transcriptional interference 
antagonizes proviral gene expression to promote HIV latency.  Cell Host 
Microbe 2008, 4:123-133.
80. Mancebo HS, Lee G, Flygare J, Tomassini J, Luu P, Zhu Y, Peng J, Blau C, 
Hazuda D, Price D, Flores O: P-TEFb kinase is required for HIV Tat 
transcriptional activation in vivo and in vitro.  Genes Dev 1997, 
11:2633-2644.
81. Wei P, Garber ME, Fang SM, Fischer WH, Jones KA: A novel CDK9-
associated C-type cyclin interacts directly with HIV-1 Tat and mediates 
its high-affinity, loop-specific binding to TAR RNA.  Cell 1998, 
92:451-462.
82. Zhu Y, Pe'ery T, Peng J, Ramanathan Y, Marshall N, Marshall T, Amendt B, 
Mathews MB, Price DH: Transcription elongation factor P-TEFb is 
required for HIV-1 tat transactivation in vitro.  Genes Dev 1997, 
11:2622-2632.
83. Liou LY, Herrmann CH, Rice AP: HIV-1 infection and regulation of Tat 
function in macrophages.  Int J Biochem Cell Biol 2004, 36:1767-1775.
84. Dong C, Kwas C, Wu L: Transcriptional restriction of human 
immunodeficiency virus type 1 gene expression in undifferentiated 
primary monocytes.  J Virol 2009, 83:3518-3527.
85. Henderson AJ, Calame KL: CCAAT/enhancer binding protein (C/EBP) 
sites are required for HIV-1 replication in primary macrophages but not 
CD4(+) T cells.  Proc Natl Acad Sci USA 1997, 94:8714-8719.
86. Henderson AJ, Connor RI, Calame KL: C/EBP activators are required for 
HIV-1 replication and proviral induction in monocytic cell lines.  
Immunity 1996, 5:91-101.
87. Tesmer VM, Bina M: Regulation of HIV-1 gene expression by NF-IL6.  J 
Mol Biol 1996, 262:327-335.
88. Schwartz C, Catez P, Rohr O, Lecestre D, Aunis D, Schaeffer E: Functional 
interactions between C/EBP, Sp1, and COUP-TF regulate human 
immunodeficiency virus type 1 gene transcription in human brain 
cells.  J Virol 2000, 74:65-73.
89. Weiden M, Tanaka N, Qiao Y, Zhao BY, Honda Y, Nakata K, Canova A, Levy 
DE, Rom WN, Pine R: Differentiation of monocytes to macrophages 
switches the Mycobacterium tuberculosis effect on HIV-1 replication 
from stimulation to inhibition: modulation of interferon response and 
CCAAT/enhancer binding protein beta expression.  J Immunol 2000, 
165:2028-2039.
90. Barber SA, Gama L, Dudaronek JM, Voelker T, Tarwater PM, Clements JE: 
Mechanism for the Establishment of Transcriptional HIV Latency in the 
Brain in a Simian Immunodeficiency Virus-Macaque Model.  J Infect Dis 
2006, 193:963-970.
91. Horie R, Ishida T, Maruyama-Nagai M, Ito K, Watanabe M, Yoneyama A, 
Higashihara M, Kimura S, Watanabe T: TRAF activation of C/EBPbeta (NF-
IL6) via p38 MAPK induces HIV-1 gene expression in monocytes/
macrophages.  Microbes Infect 2007, 9:721-728.
92. Carlson KA, Leisman G, Limoges J, Pohlman GD, Horiba M, Buescher J, 
Gendelman HE, Ikezu T: Molecular characterization of a putative 
antiretroviral transcriptional factor, OTK18.  J Immunol 2004, 
172:381-391.
93. Horiba M, Martinez LB, Buescher JL, Sato S, Limoges J, Jiang Y, Jones C, 
Ikezu T: OTK18, a zinc-finger protein, regulates human 
immunodeficiency virus type 1 long terminal repeat through two 
distinct regulatory regions.  J Gen Virol 2007, 88:236-241.
Le Douce et al. Retrovirology 2010, 7:32
http://www.retrovirology.com/content/7/1/32
Page 14 of 1694. Reynolds L, Ullman C, Moore M, Isalan M, West MJ, Clapham P, Klug A, 
Choo Y: Repression of the HIV-1 5' LTR promoter and inhibition of HIV-1 
replication by using engineered zinc-finger transcription factors.  Proc 
Natl Acad Sci USA 2003, 100:1615-1620.
95. Carlson KA, Limoges J, Pohlman GD, Poluektova LY, Langford D, Masliah E, 
Ikezu T, Gendelman HE: OTK18 expression in brain mononuclear 
phagocytes parallels the severity of HIV-1 encephalitis.  J 
Neuroimmunol 2004, 150:186-198.
96. Buescher JL, Martinez LB, Sato S, Okuyama S, Ikezu T: YY1 and FoxD3 
regulate antiretroviral zinc finger protein OTK18 promoter activation 
induced by HIV-1 infection.  J Neuroimmune Pharmacol 2009, 4:103-115.
97. Eberhardy SR, Goncalves J, Coelho S, Segal DJ, Berkhout B, Barbas CF: 
Inhibition of human immunodeficiency virus type 1 replication with 
artificial transcription factors targeting the highly conserved primer-
binding site.  J Virol 2006, 80:2873-2883.
98. Verschure PJ, Visser AE, Rots MG: Step out of the groove: epigenetic gene 
control systems and engineered transcription factors.  Adv Genet 2006, 
56:163-204.
99. Rohr O, Aunis D, Schaeffer E: COUP-TF and Sp1 interact and cooperate in 
the transcriptional activation of the human immunodeficiency virus 
type 1 long terminal repeat in human microglial cells.  J Biol Chem 1997, 
272:31149-31155.
100. Oguariri RM, Brann TW, Imamichi T: Hydroxyurea and interleukin-6 
synergistically reactivate HIV-1 replication in a latently infected 
promonocytic cell line via SP1/SP3 transcription factors.  J Biol Chem 
2007, 282:3594-3604.
101. Darnell GA, Schroder WA, Gardner J, Harrich D, Yu H, Medcalf RL, Warrilow 
D, Antalis TM, Sonza S, Suhrbier A: SerpinB2 is an inducible host factor 
involved in enhancing HIV-1 transcription and replication.  J Biol Chem 
2006, 281:31348-31358.
102. Van Lint C: Role of chromatin in HIV-1 transcriptional regulation.  Adv 
Pharmacol 2000, 48:121-160.
103. Van Lint C, Emiliani S, Ott M, Verdin E: Transcriptional activation and 
chromatin remodeling of the HIV-1 promoter in response to histone 
acetylation.  Embo J 1996, 15:1112-1120.
104. Verdin E, Paras P Jr, Van Lint C: Chromatin disruption in the promoter of 
human immunodeficiency virus type 1 during transcriptional 
activation.  Embo J 1993, 12:3249-3259.
105. Jiang G, Espeseth A, Hazuda DJ, Margolis DM: c-Myc and Sp1 contribute 
to proviral latency by recruiting histone deacetylase 1 to the human 
immunodeficiency virus type 1 promoter.  J Virol 2007, 81:10914-10923.
106. du Chene I, Basyuk E, Lin YL, Triboulet R, Knezevich A, Chable-Bessia C, 
Mettling C, Baillat V, Reynes J, Corbeau P, Bertrand E, Marcello A, Emiliani S, 
Kiernan R, Benkirane M: Suv39H1 and HP1gamma are responsible for 
chromatin-mediated HIV-1 transcriptional silencing and post-
integration latency.  Embo J 2007, 26:424-435.
107. Correll PH, Morrison AC, Lutz MA: Receptor tyrosine kinases and the 
regulation of macrophage activation.  J Leukoc Biol 2004, 75:731-737.
108. Klatt A, Zhang Z, Kalantari P, Hankey PA, Gilmour DS, Henderson AJ: The 
receptor tyrosine kinase RON represses HIV-1 transcription by 
targeting RNA polymerase II processivity.  J Immunol 2008, 
180:1670-1677.
109. Lee ES, Kalantari P, Tsutsui Section S, Klatt A, Holden J, Correll PH, Power 
Section C, Henderson AJ: RON receptor tyrosine kinase, a negative 
regulator of inflammation, inhibits HIV-1 transcription in monocytes/
macrophages and is decreased in brain tissue from patients with AIDS.  
J Immunol 2004, 173:6864-6872.
110. Kieffer TL, Finucane MM, Nettles RE, Quinn TC, Broman KW, Ray SC, 
Persaud D, Siliciano RF: Genotypic analysis of HIV-1 drug resistance at 
the limit of detection: virus production without evolution in treated 
adults with undetectable HIV loads.  J Infect Dis 2004, 189:1452-1465.
111. Marban C, Suzanne S, Dequiedt F, de Walque S, Redel L, Van Lint C, Aunis 
D, Rohr O: Recruitment of chromatin-modifying enzymes by CTIP2 
promotes HIV-1 transcriptional silencing.  Embo J 2007, 26:412-423.
112. Avram D, Fields A, Pretty On Top K, Nevrivy DJ, Ishmael JE, Leid M: 
Isolation of a novel family of C(2)H(2) zinc finger proteins implicated in 
transcriptional repression mediated by chicken ovalbumin upstream 
promoter transcription factor (COUP-TF) orphan nuclear receptors.  J 
Biol Chem 2000, 275:10315-10322.
113. Leid M, Ishmael JE, Avram D, Shepherd D, Fraulob V, Dolle P: CTIP1 and 
CTIP2 are differentially expressed during mouse embryogenesis.  Gene 
Expr Patterns 2004, 4:733-739.
114. Marban C, Redel L, Suzanne S, Van Lint C, Lecestre D, Chasserot-Golaz S, 
Leid M, Aunis D, Schaeffer E, Rohr O: COUP-TF interacting protein 2 
represses the initial phase of HIV-1 gene transcription in human 
microglial cells.  Nucleic Acids Res 2005, 33:2318-2331.
115. Rohr O, Lecestre D, Chasserot-Golaz S, Marban C, Avram D, Aunis D, Leid 
M, Schaeffer E: Recruitment of Tat to heterochromatin protein HP1 via 
interaction with CTIP2 inhibits human immunodeficiency virus type 1 
replication in microglial cells.  J Virol 2003, 77:5415-5427.
116. Thierry S, Marechal V, Rosenzwajg M, Sabbah M, Redeuilh G, Nicolas JC, 
Gozlan J: Cell cycle arrest in G2 induces human immunodeficiency virus 
type 1 transcriptional activation through histone acetylation and 
recruitment of CBP, NF-kappaB, and c-Jun to the long terminal repeat 
promoter.  J Virol 2004, 78:12198-12206.
117. Vazquez N, Greenwell-Wild T, Marinos NJ, Swaim WD, Nares S, Ott DE, 
Schubert U, Henklein P, Orenstein JM, Sporn MB, Wahl SM: Human 
immunodeficiency virus type 1-induced macrophage gene expression 
includes the p21 gene, a target for viral regulation.  J Virol 2005, 
79:4479-4491.
118. Cherrier T, Suzanne S, Redel L, Calao M, Marban C, Samah B, Mukerjee R, 
Schwartz C, Gras G, Sawaya BE, Zeichner SL, Aunis D, Van Lint C, Rohr O: 
p21(WAF1) gene promoter is epigenetically silenced by CTIP2 and 
SUV39H1.  Oncogene 2009, 28:3380-9.
119. Bergamaschi A, David A, Le Rouzic E, Nisole S, Barre-Sinoussi F, Pancino G: 
The CDK inhibitor p21Cip1/WAF1 is induced by Fc{gamma}R activation 
and restricts the replication of HIV-1 and related primate lentiviruses in 
human macrophages.  J Virol 2009, 83:12253-65.
120. Brodersen P, Voinnet O: Revisiting the principles of microRNA target 
recognition and mode of action.  Nat Rev Mol Cell Biol 2009, 10:141-148.
121. Ambros V, Chen X: The regulation of genes and genomes by small 
RNAs.  Development 2007, 134:1635-1641.
122. Bartel DP: MicroRNAs: genomics, biogenesis, mechanism, and function.  
Cell 2004, 116:281-297.
123. Yeung ML, Benkirane M, Jeang KT: Small non-coding RNAs, mammalian 
cells, and viruses: regulatory interactions?  Retrovirology 2007, 4:74.
124. Kumar A, Jeang KT: Insights into cellular microRNAs and human 
immunodeficiency virus type 1 (HIV-1).  J Cell Physiol 2008, 216:327-331.
125. Triboulet R, Mari B, Lin YL, Chable-Bessia C, Bennasser Y, Lebrigand K, 
Cardinaud B, Maurin T, Barbry P, Baillat V, Reynes J, Corbeau P, Jeang KT, 
Benkirane M: Suppression of microRNA-silencing pathway by HIV-1 
during virus replication.  Science 2007, 315:1579-1582.
126. Huang J, Wang F, Argyris E, Chen K, Liang Z, Tian H, Huang W, Squires K, 
Verlinghieri G, Zhang H: Cellular microRNAs contribute to HIV-1 latency 
in resting primary CD4+ T lymphocytes.  Nat Med 2007, 13:1241-1247.
127. Wang X, Ye L, Hou W, Zhou Y, Wang YJ, Metzger DS, Ho WZ: Cellular 
microRNA expression correlates with susceptibility of monocytes/
macrophages to HIV-1 infection.  Blood 2009, 113:671-674.
128. Sung TL, Rice AP: miR-198 inhibits HIV-1 gene expression and 
replication in monocytes and its mechanism of action appears to 
involve repression of cyclin T1.  PLoS Pathog 2009, 5:e1000263.
129. Wang Y, Rice AP: Interleukin-10 inhibits HIV-1 LTR-directed gene 
expression in human macrophages through the induction of cyclin T1 
proteolysis.  Virology 2006, 352:485-492.
130. Corbeau P: Interfering RNA and HIV: reciprocal interferences.  PLoS 
Pathog 2008, 4:e1000162.
131. Gekonge BN, Schiralli G, Schlegel RA, Henderson AJ: Signal transduction 
induced by apoptotic cells inhibits HIV transcription in monocytes/
macrophages.  J Leukoc Biol 2006, 80:953-960.
132. Beg AA, Baltimore D: An essential role for NF-kappaB in preventing TNF-
alpha-induced cell death.  Science 1996, 274:782-784.
133. Van Antwerp DJ, Martin SJ, Kafri T, Green DR, Verma IM: Suppression of 
TNF-alpha-induced apoptosis by NF-kappaB.  Science 1996, 
274:787-789.
134. Choe W, Volsky DJ, Potash MJ: Activation of NF-kappaB by R5 and X4 
human immunodeficiency virus type 1 induces macrophage 
inflammatory protein 1alpha and tumor necrosis factor alpha in 
macrophages.  J Virol 2002, 76:5274-5277.
135. Asin S, Taylor JA, Trushin S, Bren G, Paya CV: Ikappakappa mediates NF-
kappaB activation in human immunodeficiency virus-infected cells.  J 
Virol 1999, 73:3893-3903.
136. McElhinny JA, MacMorran WS, Bren GD, Ten RM, Israel A, Paya CV: 
Regulation of I kappa B alpha and p105 in monocytes and 
Le Douce et al. Retrovirology 2010, 7:32
http://www.retrovirology.com/content/7/1/32
Page 15 of 16macrophages persistently infected with human immunodeficiency 
virus.  J Virol 1995, 69:1500-1509.
137. Aillet F, Masutani H, Elbim C, Raoul H, Chene L, Nugeyre MT, Paya C, Barre-
Sinoussi F, Gougerot-Pocidalo MA, Israel N: Human immunodeficiency 
virus induces a dual regulation of Bcl-2, resulting in persistent infection 
of CD4(+) T- or monocytic cell lines.  J Virol 1998, 72:9698-9705.
138. Elbim C, Pillet S, Prevost MH, Preira A, Girard PM, Rogine N, Matusani H, 
Hakim J, Israel N, Gougerot-Pocidalo MA: Redox and activation status of 
monocytes from human immunodeficiency virus-infected patients: 
relationship with viral load.  J Virol 1999, 73:4561-4566.
139. Guillemard E, Jacquemot C, Aillet F, Schmitt N, Barre-Sinoussi F, Israel N: 
Human immunodeficiency virus 1 favors the persistence of infection 
by activating macrophages through TNF.  Virology 2004, 329:371-380.
140. Mangino G, Percario ZA, Fiorucci G, Vaccari G, Manrique S, Romeo G, 
Federico M, Geyer M, Affabris E: In vitro treatment of human monocytes/
macrophages with myristoylated recombinant Nef of human 
immunodeficiency virus type 1 leads to the activation of mitogen-
activated protein kinases, IkappaB kinases, and interferon regulatory 
factor 3 and to the release of beta interferon.  J Virol 2007, 81:2777-2791.
141. Varin A, Manna SK, Quivy V, Decrion AZ, Van Lint C, Herbein G, Aggarwal 
BB: Exogenous Nef protein activates NF-kappa B, AP-1, and c-Jun N-
terminal kinase and stimulates HIV transcription in promonocytic cells. 
Role in AIDS pathogenesis.  J Biol Chem 2003, 278:2219-2227.
142. Geleziunas R, Xu W, Takeda K, Ichijo H, Greene WC: HIV-1 Nef inhibits 
ASK1-dependent death signalling providing a potential mechanism 
for protecting the infected host cell.  Nature 2001, 410:834-838.
143. Olivetta E, Federico M: HIV-1 Nef protects human-monocyte-derived 
macrophages from HIV-1-induced apoptosis.  Exp Cell Res 2006, 
312:890-900.
144. Wolf D, Witte V, Laffert B, Blume K, Stromer E, Trapp S, d'Aloja P, 
Schurmann A, Baur AS: HIV-1 Nef associated PAK and PI3-kinases 
stimulate Akt-independent Bad-phosphorylation to induce anti-
apoptotic signals.  Nat Med 2001, 7:1217-1224.
145. Greenway AL, McPhee DA, Allen K, Johnstone R, Holloway G, Mills J, Azad 
A, Sankovich S, Lambert P: Human immunodeficiency virus type 1 Nef 
binds to tumor suppressor p53 and protects cells against p53-
mediated apoptosis.  J Virol 2002, 76:2692-2702.
146. Lee B, Sharron M, Montaner LJ, Weissman D, Doms RW: Quantification of 
CD4, CCR5, and CXCR4 levels on lymphocyte subsets, dendritic cells, 
and differentially conditioned monocyte-derived macrophages.  Proc 
Natl Acad Sci USA 1999, 96:5215-5220.
147. Lama J, Mangasarian A, Trono D: Cell-surface expression of CD4 reduces 
HIV-1 infectivity by blocking Env incorporation in a Nef- and Vpu-
inhibitable manner.  Curr Biol 1999, 9:622-631.
148. Collin M, Illei P, James W, Gordon S: Definition of the range and 
distribution of human immunodeficiency virus macrophage tropism 
using PCR-based infectivity measurements.  J Gen Virol 1994, 75(Pt 
7):1597-1603.
149. O'Brien WA, Namazi A, Kalhor H, Mao SH, Zack JA, Chen IS: Kinetics of 
human immunodeficiency virus type 1 reverse transcription in blood 
mononuclear phagocytes are slowed by limitations of nucleotide 
precursors.  J Virol 1994, 68:1258-1263.
150. Singh IN, Goody RJ, Dean C, Ahmad NM, Lutz SE, Knapp PE, Nath A, Hauser 
KF: Apoptotic death of striatal neurons induced by human 
immunodeficiency virus-1 Tat and gp120: Differential involvement of 
caspase-3 and endonuclease G.  J Neurovirol 2004, 10:141-151.
151. Aquaro S, Bagnarelli P, Guenci T, De Luca A, Clementi M, Balestra E, Calio R, 
Perno CF: Long-term survival and virus production in human primary 
macrophages infected by human immunodeficiency virus.  J Med Virol 
2002, 68:479-488.
152. Chugh P, Fan S, Planelles V, Maggirwar SB, Dewhurst S, Kim B: Infection of 
human immunodeficiency virus and intracellular viral Tat protein exert 
a pro-survival effect in a human microglial cell line.  J Mol Biol 2007, 
366:67-81.
153. Lambotte O, Deiva K, Tardieu M: HIV-1 persistence, viral reservoir, and 
the central nervous system in the HAART era.  Brain Pathol 2003, 
13:95-103.
154. Zheng L, Yang Y, Guocai L, Pauza CD, Salvato MS: HIV Tat protein 
increases Bcl-2 expression in monocytes which inhibits monocyte 
apoptosis induced by tumor necrosis factor-alpha-related apoptosis-
induced ligand.  Intervirology 2007, 50:224-228.
155. Kamimura K, Mishima Y, Obata M, Endo T, Aoyagi Y, Kominami R: Lack of 
Bcl11b tumor suppressor results in vulnerability to DNA replication 
stress and damages.  Oncogene 2007, 26:5840-50.
156. Patel CA, Mukhtar M, Harley S, Kulkosky J, Pomerantz RJ: Lentiviral 
expression of HIV-1 Vpr induces apoptosis in human neurons.  J 
Neurovirol 2002, 8:86-99.
157. Somasundaran M, Sharkey M, Brichacek B, Luzuriaga K, Emerman M, 
Sullivan JL, Stevenson M: Evidence for a cytopathogenicity determinant 
in HIV-1 Vpr.  Proc Natl Acad Sci USA 2002, 99:9503-9508.
158. Stewart SA, Poon B, Song JY, Chen IS: Human immunodeficiency virus 
type 1 vpr induces apoptosis through caspase activation.  J Virol 2000, 
74:3105-3111.
159. Giri MS, Nebozyhn M, Raymond A, Gekonge B, Hancock A, Creer S, Nicols 
C, Yousef M, Foulkes AS, Mounzer K, Shull J, Silvestri G, Kostman J, Collman 
RG, Showe L, Montaner LJ: Circulating monocytes in HIV-1-infected 
viremic subjects exhibit an antiapoptosis gene signature and virus- 
and host-mediated apoptosis resistance.  J Immunol 2009, 
182:4459-4470.
160. Gartel AL: Is p21 an oncogene?  Mol Cancer Ther 2006, 5:1385-1386.
161. Gartel AL: p21(WAF1/CIP1) May Be a Tumor Suppressor After All.  
Cancer Biol Ther 2007:6.
162. Swingler S, Mann AM, Zhou J, Swingler C, Stevenson M: Apoptotic killing 
of HIV-1-infected macrophages is subverted by the viral envelope 
glycoprotein.  PLoS Pathog 2007, 3:1281-1290.
163. Hutter G, Nowak D, Mossner M, Ganepola S, Mussig A, Allers K, Schneider 
T, Hofmann J, Kucherer C, Blau O, Blau IW, Hofmann WK, Thiel E: Long-
term control of HIV by CCR5 Delta32/Delta32 stem-cell 
transplantation.  N Engl J Med 2009, 360:692-698.
164. Bennasser Y, Yeung ML, Jeang KT: HIV-1 TAR RNA subverts RNA 
interference in transfected cells through sequestration of TAR RNA-
binding protein, TRBP.  J Biol Chem 2006, 281:27674-27678.
165. Klase Z, Winograd R, Davis J, Carpio L, Hildreth R, Heydarian M, Fu S, 
McCaffrey T, Meiri E, Ayash-Rashkovsky M, Gilad S, Bentwich Z, Kashanchi 
F: HIV-1 TAR miRNA protects against apoptosis by altering cellular gene 
expression.  Retrovirology 2009, 6:18.
166. McGee B, Smith N, Aweeka F: HIV pharmacology: barriers to the 
eradication of HIV from the CNS.  HIV Clin Trials 2006, 7:142-153.
167. Sawchuk RJ, Yang Z: Investigation of distribution, transport and uptake 
of anti-HIV drugs to the central nervous system.  Adv Drug Deliv Rev 
1999, 39:5-31.
168. Solas C, Lafeuillade A, Halfon P, Chadapaud S, Hittinger G, Lacarelle B: 
Discrepancies between protease inhibitor concentrations and viral 
load in reservoirs and sanctuary sites in human immunodeficiency 
virus-infected patients.  Antimicrob Agents Chemother 2003, 47:238-243.
169. Perno CF, Newcomb FM, Davis DA, Aquaro S, Humphrey RW, Calio R, 
Yarchoan R: Relative potency of protease inhibitors in monocytes/
macrophages acutely and chronically infected with human 
immunodeficiency virus.  J Infect Dis 1998, 178:413-422.
170. Hermankova M, Ray SC, Ruff C, Powell-Davis M, Ingersoll R, D'Aquila RT, 
Quinn TC, Siliciano JD, Siliciano RF, Persaud D: HIV-1 drug resistance 
profiles in children and adults with viral load of <50 copies/ml 
receiving combination therapy.  Jama 2001, 286:196-207.
171. Nettles RE, Kieffer TL, Kwon P, Monie D, Han Y, Parsons T, Cofrancesco J Jr, 
Gallant JE, Quinn TC, Jackson B, Flexner C, Carson K, Ray S, Persaud D, 
Siliciano RF: Intermittent HIV-1 viremia (Blips) and drug resistance in 
patients receiving HAART.  Jama 2005, 293:817-829.
172. Baba M: Recent status of HIV-1 gene expression inhibitors.  Antiviral Res 
2006, 71:301-306.
173. Gatignol A, Jeang KT: Tat as a transcriptional activator and a potential 
therapeutic target for HIV-1.  Adv Pharmacol 2000, 48:209-227.
174. Stevens M, De Clercq E, Balzarini J: The regulation of HIV-1 transcription: 
molecular targets for chemotherapeutic intervention.  Med Res Rev 
2006, 26:595-625.
175. Aquaro S, Svicher V, Schols D, Pollicita M, Antinori A, Balzarini J, Perno CF: 
Mechanisms underlying activity of antiretroviral drugs in HIV-1-
infected macrophages: new therapeutic strategies.  J Leukoc Biol 2006, 
80:1103-1110.
176. Bouazzaoui A, Kreutz M, Eisert V, Dinauer N, Heinzelmann A, Hallenberger 
S, Strayle J, Walker R, Rubsamen-Waigmann H, Andreesen R, von Briesen 
H: Stimulated trans-acting factor of 50 kDa (Staf50) inhibits HIV-1 
replication in human monocyte-derived macrophages.  Virology 2006, 
356:79-94.
Le Douce et al. Retrovirology 2010, 7:32
http://www.retrovirology.com/content/7/1/32
Page 16 of 16177. Crotti A, Lusic M, Lupo R, Lievens PM, Liboi E, Chiara GD, Tinelli M, Lazzarin 
A, Patterson BK, Giacca M, Bovolenta C, Poli G: Naturally occurring C-
terminally truncated STAT5 is a negative regulator of HIV-1 expression.  
Blood 2007, 109:5380-5389.
178. Kalantari P, Narayan V, Natarajan SK, Muralidhar K, Gandhi UH, Vunta H, 
Henderson AJ, Prabhu KS: Thioredoxin reductase-1 negatively regulates 
HIV-1 transactivating protein Tat-dependent transcription in human 
macrophages.  J Biol Chem 2008, 283:33183-33190.
179. Mosoian A, Teixeira A, High AA, Christian RE, Hunt DF, Shabanowitz J, Liu 
X, Klotman M: Novel function of prothymosin alpha as a potent 
inhibitor of human immunodeficiency virus type 1 gene expression in 
primary macrophages.  J Virol 2006, 80:9200-9206.
180. Ranjbar S, Tsytsykova AV, Lee SK, Rajsbaum R, Falvo JV, Lieberman J, 
Shankar P, Goldfeld AE: NFAT5 regulates HIV-1 in primary monocytes via 
a highly conserved long terminal repeat site.  PLoS Pathog 2006, 2:e130.
181. Tanaka N, Hoshino Y, Gold J, Hoshino S, Martiniuk F, Kurata T, Pine R, Levy 
D, Rom WN, Weiden M: Interleukin-10 induces inhibitory C/EBPbeta 
through STAT-3 and represses HIV-1 transcription in macrophages.  Am 
J Respir Cell Mol Biol 2005, 33:406-411.
182. Jochmann R, Thurau M, Jung S, Hofmann C, Naschberger E, Kremmer E, 
Harrer T, Miller M, Schaft N, Sturzl M: O-linked N-acetylglucosaminylation 
of Sp1 inhibits the human immunodeficiency virus type 1 promoter.  J 
Virol 2009, 83:3704-3718.
183. Buescher JL, Duan F, Sun J, Price RW, Ikezu T: OTK18 levels in plasma and 
cerebrospinal fluid correlate with viral load and CD8 T-cells in normal 
and AIDS patients.  J Neuroimmune Pharmacol 2008, 3:230-235.
184. Prins JM, Jurriaans S, van Praag RM, Blaak H, van Rij R, Schellekens PT, ten 
Berge IJ, Yong SL, Fox CH, Roos MT, de Wolf F, Goudsmit J, Schuitemaker 
H, Lange JM: Immuno-activation with anti-CD3 and recombinant 
human IL-2 in HIV-1-infected patients on potent antiretroviral therapy.  
Aids 1999, 13:2405-2410.
185. Yang HC, Shen L, Siliciano RF, Pomerantz JL: Isolation of a cellular factor 
that can reactivate latent HIV-1 without T cell activation.  Proc Natl Acad 
Sci USA 2009, 106:6321-6326.
186. Reuse S, Calao M, Kabeya K, Guiguen A, Gatot JS, Quivy V, Vanhulle C, 
Lamine A, Vaira D, Demonte D, Martinelli V, Veithen E, Cherrier T, Avettand 
V, Poutrel S, Piette J, de Launoit Y, Moutschen M, Burny A, Rouzioux C, De 
Wit S, Herbein G, Rohr O, Collette Y, Lambotte O, Clumeck N, Van Lint C: 
Synergistic activation of HIV-1 expression by deacetylase inhibitors 
and prostratin: implications for treatment of latent infection.  PLoS One 
2009, 4:e6093.
187. Kauder SE, Bosque A, Lindqvist A, Planelles V, Verdin E: Epigenetic 
regulation of HIV-1 latency by cytosine methylation.  PLoS Pathog 2009, 
5:e1000495.
188. Saag M, Goodrich J, Fatkenheuer G, Clotet B, Clumeck N, Sullivan J, Westby 
M, Ryst E van der, Mayer H: A double-blind, placebo-controlled trial of 
maraviroc in treatment-experienced patients infected with non-R5 
HIV-1.  J Infect Dis 2009, 199:1638-1647.
189. Kuritzkes DR: HIV-1 entry inhibitors: an overview.  Curr Opin HIV AIDS 
2009, 4:82-87.
190. Chugh P, Bradel-Tretheway B, Monteiro-Filho CM, Planelles V, Maggirwar 
SB, Dewhurst S, Kim B: Akt inhibitors as an HIV-1 infected macrophage-
specific anti-viral therapy.  Retrovirology 2008, 5:11.
doi: 10.1186/1742-4690-7-32
Cite this article as: Le Douce et al., Molecular mechanisms of HIV-1 persis-
tence in the monocyte-macrophage lineage Retrovirology 2010, 7:32
